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Risk of Cardiovascular Disease and
Death in Individuals With
Prediabetes Defined by Different
Criteria: The Whitehall IT Study

Diabetes Care 2018;41:899-906 | https://doi.org/10.2337/dc17-2530

OBJECTIVE

We compared the risk of cardiovascular disease (CVD) and all-cause mortality in
subgroups of prediabetes defined by fasting plasma glucose (FPG), 2-h plasma glu-
cose (2hPG), or HbA,.

RESEARCH DESIGN AND METHODS

In the Whitehall Il cohort, 5,427 participants aged 50-79 years and without diabetes
were followed for a median of 11.5 years. A total of 628 (11.6%) had prediabetes by
the World Health Organization (WHO)/International Expert Committee (IEC) criteria
(FPG 6.1-6.9 mmol/L and/or HbA;. 6.0-6.4%), and 1,996 (36.8%) by the American
Diabetes Association (ADA) criteria (FPG 5.6-6.9 mmol/L and/or HbA,  5.7-6.4%).
In a subset of 4,730 individuals with additional measures of 2hPG, 663 (14.0%) had
prediabetes by 2hPG. Incidence rates of a major event (nonfatal/fatal CVD or all-
cause mortality) were compared for different definitions of prediabetes, with ad-
justment for relevant confounders.

RESULTS

Compared with that for normoglycemia, incidence rate in the context of prediabetes
was 54% higher with the WHO/IEC definition and 37% higher with the ADA definition
(P < 0.001) but declining to 17% and 12% after confounder adjustment (P = 0.111).
Prediabetes by HbA,. was associated with a doubling in incidence rate for both the
IEC and ADA criteria. However, upon adjustment, excess risk was reduced to 13% and
17% (P = 0.055), respectively. Prediabetes by FPG or 2hPG was not associated with an
excess risk in the adjusted analysis.

CONCLUSIONS

Prediabetes defined by HbA,. was associated with a worse prognosis than predia-
betes defined by FPG or 2hPG. However, the excess risk among individuals with
prediabetes is mainly explained by the clustering of other cardiometabolic risk fac-
tors associated with hyperglycemia.

In 1979-1980, the World Health Organization (WHO), the American Diabetes Associ-
ation (ADA), the European Association for the Study of Diabetes (EASD), and other
diabetes organizations made a common agreement regarding the diagnostic criteria for
diabetes and impaired glucose tolerance (IGT) based on the oral glucose tolerance test
(OGTT) (1,2). Since then, the diagnostic criteria for diabetes and prediabetes have
changed several times, and there is currently no consensus on the definition of
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prediabetes between the different organi-
zations worldwide (3-5). It is generally
accepted that diabetes and prediabetes
can be diagnosed on the basis of mea-
sures of fasting plasma glucose (FPG), 2-h
plasma glucose (2hPG) after an OGTT, or
hemoglobin A, (HbA;.). In clinical prac-
tice, FPG and HbA,. are preferred over
the OGTT, which is inconvenient, less re-
producible, and more costly. However,
the cut points for FPG and HbA;. vary
by the different organizations. In 2003,
ADA suggested to lower the cut point
for impaired fasting glycemia (IFG) from
6.1 mmol/L (110 mg/dL) to 5.6 mmol/L
(100 mg/dL) (6) in order to capture
more individuals with IGT without per-
forming an OGTT. The sensitivity for iden-
tifying IGT was increased with the new
lower criterion for fasting glucose, but it
also resulted in a two- to fourfold increase
in the prevalence of IFG across countries
(7). Furthermore, with the lower cutoff,
the overall incidence rate for diabetes
among people with IFG was greatly reduced
(8). This observation, together with a lack
of evidence for a reduction in adverse out-
comes among these newly defined individ-
uals with IFG, have led the WHO not to
adopt the lower cutoff for IFG (3).

More recently, HbA,. was recommen-
ded for the diagnosis of diabetes by both
ADA and WHO (9,10). However, in terms
of identifying individuals with prediabe-
tes or intermediate hyperglycemia, the
two organizations again differed in their
recommendations. While ADA now rec-
ommends using HbA;. in the range of
5.7-6.4% (39-47 mmol/mol) for defining
prediabetes, WHO has not yet adopted
HbA, . for diagnosing intermediate hyper-
glycemia/prediabetes (9). The Interna-
tional Expert Committee (IEC), in turn,
acknowledges the elevated risk of pro-
gression to diabetes associated with in-
creasing HbA,. levels and recommends
initiation of prevention strategies in indi-
viduals with HbA;. levels in a narrower
range of 6.0-6.4% (42—47 mmol/mol)
(12).

In addition to increasing risk of diabe-
tes, both fasting glucose and HbA, levels
in the range of prediabetes are associated
with increased risk of cardiovascular dis-
ease (CVD) and mortality (12,13). How-
ever, large inconsistencies between
studies have been observed due to the
use of different cut points and reference
groups (14), and direct comparisons
between the associations of different

glucose and HbA, criteria with develop-
ment of CVD and/or mortality within the
same population are sparse (15). In the
ongoing Whitehall Il study we therefore
compared the risk of fatal or nonfatal CVD
or all-cause mortality in individuals with
prediabetes identified by FPG, 2hPG, or
HbA; . using the cut points suggested by
ADA versus WHO/IEC. Additionally, we
examined the associations of continuous
prediabetes levels of FPG, 2hPG, or HbA;.
with the 10-year risk of CVD or mortality.

RESEARCH DESIGN AND METHODS

Study Design and Participants

The prospective cohort study is based on
participants from the Whitehall 1l study,
which is an occupational cohort of 10,308
British civil servants (6,896 men and 3,412
women) initially recruited in 1985. The
study population has been followed
with clinical examinations every 5 years.
(Whitehall 1I data, protocols, and other
metadata are available to the scientific
community. Please refer to the Whitehall
Il data sharing policy at https://www.ucl
.ac.uk/whitehallll/data-sharing.) This
study is based on phase 7 (2002-2004)
and phase 9 (2007-2009), where FPG,
2hPG, and HbA;. were measured, exclud-
ing participants with known diabetes. The
study population consists of the 5,427
participants with complete information
on both HbA;. and FPG (87% of whom
also had 2hPG measured). All the included
participants had been fasting =8 h.

Ethics

The University College London Ethics
Committee reviewed and approved the
study. Written informed consent was ob-
tained from all participants at each study
phase. The Whitehall 1l study has previ-
ously been described in detail (16,17).

Definition of Prediabetes

At each study phase the participants
underwent a standard 75-g OGTT with
measurement of plasma glucose in the
fasting state and after 120 min. HbA.
was also measured. Prediabetes was de-
fined according to the WHO/IEC criteria
as FPG 6.1-6.9 mmol/L and/or HbA; . 6.0—
6.4% (42—-47 mmol/mol) and according to
the ADA criteria as FPG 5.6-6.9 mmol/L
and/or HbA; . 5.7-6.4% (39-47 mmol/mol).
For 2hPG, we defined prediabetes as
7.8-11.0 mmol/L according to the defini-
tion by WHO and ADA. Normoglycemia
was defined as values below the cut
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points for prediabetes for each diagnostic
criterion.

Assessment of Clinical Characteristics
At all clinical examinations, measure-
ments of anthropometry and handling
of blood samples were carried out accord-
ing to standard protocols (16). Plasma
glucose concentrations were measured
by the glucose oxidase method (17). HbA;.
was measured in whole blood, drawn into
EDTA Monovette tubes, using the vali-
dated (18) Tosoh G8 high-performance
ion-exchange liquid chromatography
platform (Tosoh Bioscience, Tessenderlo,
Belgium). Information on medication,
family history of diabetes, smoking, and
alcohol intake was obtained from ques-
tionnaire.

Outcome Ascertainment

Outcome was defined as a composite end
point of CVD or death. The participants’
unique National Health Service (NHS)
identification numbers were linked to
the NHS Hospital Episode Statistics data-
base (19). Incidence of CVD was assessed
over the follow-up period from 2002-
2004 to the end of follow-up (30 June
2015) and included fatal and nonfatal cor-
onary heart disease (defined by ICD-9 co-
des 410-414 or ICD-10 codes 120-25) and
stroke. Nonfatal myocardial infarction
was determined using data from ques-
tionnaires, study electrocardiograms,
hospital acute electrocardiograms, car-
diac enzymes, and physician records (16).
In the definition of stroke, cases identified
by self-report only were excluded. Stroke
included first subarachnoid hemorrhage,
cerebral infarction, intracerebral hemor-
rhage, not specified stroke (ICD-10 codes
160-164), and transient cerebral ischemic
attacks (ICD-10 code G45). Cases of stroke
were ascertained from participants’ gen-
eral practitioners, by information ex-
tracted from hospital medical records,
or from the NHS Hospital Episode Statis-
tics database. Cardiovascular event as-
certainment in the Whitehall Il study has
recently been validated (20). All-cause
mortality was assessed from 2002—-2004
to end of follow-up by flagging partici-
pants at the NHS Central Registry, which
provided information on the cause and
date of death.

Statistical Analysis

Participants were followed from the date
of their 2002—-2004 (or 2007-2009) clini-
cal examination until first registered
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event or to the end of follow-up (30 June
2015). When relevant, prediabetes status
was allowed to change from normoglycemia
in phase 7 (2002-2004) to prediabetes in
phase 9 (2007-2009). Poisson regression
analysis with log-person time as offset
was used to estimate crude incidence
rates of an event and adjusted incidence
rate ratios for subgroups of prediabetes
defined by different criteria (WHO/IEC
and ADA) and by different glycemic mea-
sures (FPG, 2hPG, and HbA,,). Rate ratios
were adjusted in a stepwise approach;
first, with adjustment for age, sex, and
ethnicity, and second, with further adjust-
ment for previous CVD and the CVD risk
factors identified in the Framingham
Heart Study (21): smoking, total choles-
terol, HDL cholesterol, systolic blood
pressure, and use of antihypertensive
treatment. To account for the noncon-
stant effect of age over time on CVD risk
and mortality, we split the follow-up
period of each participant into 1-year
age bands prior to analysis.

We performed two sensitivity analy-
ses: 1) we repeated the analyses using
only fatal and nonfatal CVD events as out-
come (constituting 65% of the composite
events) and censoring the study partici-
pants at time of death, and 2) in a sub-
set with complete information on FPG,
HbA,., and 2hPG levels (n = 4,730), we
expanded the analyses to include predia-
betes by 2hPG (i.e., IGT).

We further calculated the sensitivity,
specificity, positive predictive value
(PPV), and negative predictive value for
the 10-year risk of an event for each pre-
diabetes subgroup. We also estimated
the 10-year risk of an event across the
prediabetes range of glycemia by the
ADA criteria using Poisson regression
analysis with models fitted separately
for FPG, 2hPG, and HbA;.. In the models,
the glycemic measure was specified with
natural cubic splines with three knots to
facilitate detection of a potential inflec-
tion point in the associations.

Statistical analyses were performed in
R, version 3.2.3 (R Foundation for Statisti-
cal Computing [www.r-project.org]), and
SAS, version 9.4 (SAS Institute, Cary, NC).

RESULTS

Prediabetes by Different Definitions
With use of the WHO/IEC criteria, 402
(7.4%) of the 5,427 participants in the
study population had prediabetes by the

FPG criterion and 288 (5.3%) by the HbA;
criterion (n = 628 in total [11.6%)]). With
the ADA criteria, 1,418 (26.1%) had predia-
betes by FPG levels and 940 (17.3%) by
HbA;. (n = 1,996 in total [36.8%)]). (See
Supplementary Fig. 1 for further details.)
Thus, the proportion of individuals with
prediabetes was more than threefold higher
with the ADA criteria compared with the
WHOY/IEC criteria. With application of the
ADA criteria in the subset of the 4,730 indi-
viduals with full data on FPG, 2hPG, and
HbA;., 26.6% had prediabetes by FPG,
15.8% by HbA,, and 14.2% by 2hPG.

For both WHO/IEC- and ADA-defined
prediabetes, individuals identified by
FPG levels only were more likely to be
men and to report a higher amount of
alcohol consumption than those identi-
fied by HbA;. (Table 1). Those identified
by HbA,. only were more likely to be of
nonwhite ethnicity, were older, and had
lower levels of total cholesterol, LDL cho-
lesterol, and blood pressure than those
identified by FPG levels only. However,
those identified by HbA;. were more
likely to have had a previous CVD event
and to be receiving antihypertensive
and/or lipid-lowering treatment (Table 1).

Event Rates in Individuals With
Prediabetes by Different Definitions
Overall Event Rates

Median follow-up time for a CVD or mor-
tality event was 11.5 (interquartile range
8.9; 12.1) years. During follow-up, 134
(21.3%) individuals with prediabetes by
WHO/IEC FPG or HbA; criteria developed
CVD or died. The corresponding number
was 370 (18.5%) in the ADA prediabetes
group. With the WHO/IEC criteria, the in-
cidence rate of an event in those with
prediabetes was 22.7/1,000 person-years
(PY), which was 54% higher than in indi-
viduals with normoglycemia (Table 2).
The higher incidence rate in the pre-
diabetes group was unaffected by adjust-
ment for age, sex, and ethnicity but
decreased to 17% and became nonsignif-
icant after adjustment for previous CVD,
smoking, total cholesterol, HDL choles-
terol, systolic blood pressure, and use of
antihypertensive treatment. With use of
the ADA criteria, the incidence rate for
the prediabetes group was somewhat
lower at 18.9/1,000 PY, which was 37%
higher compared with the normoglycemic
group, and decreased to only 12% higher
(nonsignificant) in the fully adjusted model
(Table 2).

Vistisen and Associates

Event Rates by Glycemic Criteria

Kaplan-Meier survival curves for an event
for individuals with prediabetes versus
normoglycemia by different glycemic cri-
teria are shown in Fig. 1, whereas rates
and rate ratios are shown in Table 1. In
individuals defined as having prediabetes
by FPG levels (without taking the HbA;.
level into account), the rate of an event
was 19.4 for FPG levels 6.1-6.9 mmol/L
(WHO criteria) and 16.5 for FPG levels
5.6—-6.9 mmol/L (ADA criteria) (Fig. 1A
and Table 2). In the fully adjusted model,
the incidence rates were at the same level
as that of the normoglycemic group for
both the WHO and ADA criteria (Table 2).

Among individuals with prediabetes by
HbA,. levels (without taking the FPG level
into account), the incidence rate was 29.5
for HbA,. levels 6.0-6.4% (IEC criteria)
and 26.0 for HbA; levels 5.7-6.4% (ADA
criteria) (Fig. 1B and Table 2), which was
approximately twice that of the rate in
the normoglycemic group for both the
WHO and ADA criteria. Adjustment for
age, sex, and ethnicity decreased the excess
in incidence rate to ~50%, and additional
adjustment reduced it further to an ex-
cess of 13—-17% (nonsignificant) (Table 2).

Analyses limiting the outcome to only
include CVD-related events confirmed
the associations reported above (Sup-
plementary Table 1).

In the sensitivity analysis including only
individuals with 2hPG measurements, the
rate of an event for individuals with pre-
diabetes by 2hPG was 19.3, which was
44% higher than in the normoglycemic
group (<7.8 mmol/L). Upon confounder
adjustment there was no excess risk asso-
ciated with prediabetes (Table 2 and
Supplementary Fig. 2).

Comparing Event Rates Between
Nonoverlapping Groups

The incidence rate of an event in individ-
uals with prediabetes by FPG levels 5.6—
6.0 mmol/L but normal HbA,. levels
(<5.7%) was low and comparable with
that of the normoglycemic group (FPG
<5.6 mmol/L and HbA;. <5.7%) (~13/
1,000 PY [Supplementary Fig. 3]). In con-
trast, the incidence rate in people with
prediabetes by HbA;. 5.7-5.9% but nor-
mal FPG (<5.6 mmol/L) was twice as high
at 26.0/1,000 PY (Supplementary Fig. 3).
After adjustment for age, sex, and ethnicity,
the rate was still 64% (95% Cl 25; 117) higher
in the group with HbA, . 5.7-5.9% but normal
FPG (<5.6 mmol/L) compared with the
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Table 1—Baseline characteristics by normal glycemia and subgroups of prediabetes defined by WHO/IEC and ADA

Prediabetes

Normal glycemia FPG only HbA,. only Both P
WHO/IEC

N 4,799 340 226 62

Men (%) 71.6 (70.3; 72.9) 85.6 (81.4; 89.1)? 67.3 (60.7; 73.3)b 66.1 (53.0; 77.7)b <0.001
White ethnicity (%) 93.6 (92.9; 94.3) 90.6 (87.0; 93.5)° 80.1 (74.3; 85.1)* 83.9 (72.3; 92.0)° <0.001
Age (years) 61.2 (6.1) 61.8 (6.1) 65.5 (6.4)% 64.2 (5.7)*° <0.001
BMI (kg/m?) 26.4 (4.1) 28.2 (4.4) 27.7 (4.7) 30.4 (6.2)% <0.001
Total cholesterol (mmol/L) 5.7 (1.0) 5.7 (1.0) 5.3 (1.1)*® 5.6 (1.3) <0.001
HDL cholesterol (mmol/L) 1.6 (0.4) 1.5 (0.5)° 1.5 (0.4)° 1.4 (0.3)° <0.001
Systolic blood pressure (mmHg) 126.6 (16.2) 134.4 (17.3)* 128.5 (17.8)° 136.9 (19.3)* <0.001
FPG (mmol/L) 5.2 (0.4) 6.3 (0.2) 5.5 (0.9)* 6.4 (0.2) <0.001
2hPG (mmol/L) 6.1 (1.5) 7.4 (2.0) 7.5 (2.5)° 9.5 (2.3)™* <0.001
HbA . (%) 5.2 (0.4) 5.5 (0.5)° 6.1 (0.1)*® 6.1 (0.1)*® <0.001
HbA; (mmol/mol) 34 (4) 37 (5)° 43 (1) 44 (2)® <0.001
Previous CVD (%) 9.7 (8.9; 10.6) 12.1 (8.8; 16.0) 18.1 (13.3; 23.8)* 24.2 (14.2; 36.7)*° <0.001
Current smoker (%) 7.9 (7.2;8.7) 5.9 (3.6; 8.9) 10.2 (6.6; 14.9) 9.7 (3.6; 19.9) 0.282
Antihypertensive treatment (%) 21.9 (20.7; 23.1) 36.2 (31.1; 41.5)? 42.0 (35.5; 48.8)* 45.2 (32.5; 58.3)? <0.001

ADA

N 3,431 1,056 578 362

Men (%) 69.4 (67.8; 70.9) 83.9 (81.5; 86.1)° 66.8 (62.8; 70.6)° 75.1 (70.4; 79.5)* <0.001
White ethnicity (%) 94.3 (93.5; 95.1) 94.5 (93.0; 95.8) 83.4 (80.1; 86.3)ab 87.0 (83.1; 90.3)* <0.001
Age (years) 60.8 (6.0) 61.1 (6.0) 64.8 (6.6)ab 63.6 (6.1)abc <0.001
BMI (kg/m?) 26.1 (4.1) 27.4 (4.2) 27.2 (4.5) 28.5 (4.5) <0.001
Total cholesterol (mmol/L) 5.7 (1.0) 5.8 (1.0) 5.5 (1.1)*® 5.6 (1.2)° <0.001
HDL cholesterol (mmol/L) 1.6 (0.5) 1.5 (0.4)° 1.6 (0.4)* 1.5 (0.4)%¢ <0.001
Systolic blood pressure (mmHg) 125.7 (16.2) 130.9 (16.5)* 127.3 (16.9)® 131.2 (16.6)* <0.001
FPG (mmol/L) 5.0(0.3) 5.9 (0.3)% 5.2 (0.7)ab 6.0 (0.3)abc <0.001
2hPG (mmol/L) 5.9 (1.5) 6.5 (1.7)? 6.7 (2.1)° 7.8 (2.1)** <0.001
HbA; . (%) 5.1(0.3) 5.3 (0.4)% 5.9 (O.Z)ab 5.9 (0.2)ab <0.001
HbA; (mmol/mol) 33 (3) 34 (4)° 41 (2)*® 41 (2)*® <0.001
Previous CVD (%) 9.5 (8.5; 10.5) 10.5 (8.7; 12.5) 18.0 (14.9; 21.4)*° 19.9 (15.9; 24.4)° <0.001
Current smoker (%) 8.0(7.1; 8.9) 6.8 (5.4; 8.5) 9.3 (7.1; 12.0) 8.6 (5.9; 11.9) 0.312
Antihypertensive treatment (%) 19.5 (18.2; 20.9) 27.1 (24.4; 29.9)° 33.7 (29.9; 37.8)® 41.7 (36.6; 47.0)*> <0.001

Data are means (SD) or percentage (95% Cl). WHO/IEC: normal glycemia, FPG <6.1 mmol/L and HbA;. <6.0%, and for prediabetes by FPG only, FPG 6.1—
6.9 mmol/L and HbA;. <6.0%; HbA, only, HbA;. <6.0-6.4% and FPG <6.1 mmol/L; and both, FPG 6.1-6.9 mmol/L and HbA, . 6.0-6.4%. ADA: normal
glycemia, FPG <5.6 mmol/L and HbA; . <5.7%, and for prediabetes by FPG only, FPG 5.6-6.9 mmol/L and HbA;. <5.7%; HbA,. only, HbA; . <5.7-6.4% and
FPG <5.6 mmol/L; and both, FPG 5.6—6.9 mmol/L and HbA; . 5.7-6.4%. P is the level of significance for the overall unadjusted test of difference between
groups of normal glycemia and prediabetes subgroups, using t tests for difference in means or log(means) and xz tests for difference in proportions.

2Versus normal glycemia, P < 0.05. ®Versus FPG only, P < 0.05. “Versus HbA; only, P < 0.05.

group with FPG levels 5.6-6.0 mmol/L but
normal HbA,. levels (<<5.9%). Further ad-
justment for previous CVD, smoking, total
cholesterol, HDL cholesterol, systolic blood
pressure, and antihypertensive treatment re-
duced this to 33% (95% Cl ; 77) (P = 0.046).

Performance of the Different Glycemic
Criteria

The sensitivity and PPV for the 10-year
risk of an event were low for all the pre-
diabetes subgroups (Supplementary
Table 2). Use of the ADA criteria for FPG
and HbA;. more than doubled the sensi-
tivity but decreased the specificity com-
pared with the results with use of the
WHO/IEC criteria. The PPV was higher
for prediabetes defined by HbA;. than
by FPG or 2hPG, whereas the negative
predictive value was similar across all
the prediabetes subgroups.

Exploring Event Rates by Increasing
Levels of Glycemia

The 10-year absolute risk of an event
across the prediabetes range by the
ADA criteria for FPG, 2hPG, and HbA,. is
shown in Fig. 2. The risk was higher for all
levels of HbA;., whereas for FPG and
2hPG the risk across the prediabetes
range was somewhat comparable. There
was no indication of an inflection point
for any of the glycemic measures.

CONCLUSIONS

Inthe present large prospective Whitehall
Il cohort study of adults aged 50-80 years
with simultaneous measures of different
glycemic measures, we found that the
prevalence of prediabetes defined by
FPG and/or HbA; . was three times higher
when the ADA criteria were used than
when the WHO/IEC definitions were

used. Individuals with prediabetes de-
fined by HbA,. had substantially higher
risk of CVD and mortality than those de-
fined by the FPG or 2hPG criteria irrespec-
tive of whether the cut point of 5.7%
(39 mmol/mol) or 6.0% (42 mmol/mol)
was used. For none of the glycemic mea-
sures did we find an inflection point for
risk of CVD and mortality over the predia-
betes range. Furthermore, the excess risk
of CVD and death associated with having
prediabetes was greatly reduced in HbA; -
defined prediabetes and null in FPG- and
2hPG-defined prediabetes after adjust-
ment for demographic and cardiovascular
risk factors. These findings indicate that
there is no obvious optimal glycemic cut-
off for risk stratification, and the higher
risk for CVD and death among individuals
with prediabetes is mainly explained by
its clustering with other risk factors
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Table 2—Rates and rate ratios with 95% CI of an event (CVD or mortality) for prediabetes subgroups, using the WHO/IEC criteria

or the ADA criteria

Definition Rate per 1,000 PY RR RRadi1 RRadi2
WHO/IEC
Overall
Normal glycemia  FPG <6.1 mmol/L and HbA;. <6.0% 14.8 (13.7; 15.9) ref. ref. ref.

Prediabetes

By HbA,,
Normal glycemia
Prediabetes

By FPG
Normal glycemia
Prediabetes

By 2hPG
Normal glycemia
Prediabetes

ADA

Overall
Normal glycemia
Prediabetes

By HbA ;.
Normal glycemia
Prediabetes

By FPG
Normal glycemia
Prediabetes

By 2hPG
Normal glycemia
Prediabetes

FPG 6.1-6.9 mmol/L or HbA;. 6.0-6.4%

HbA;. <6.0%
HbA;. 6.0-6.4%

FPG <6.1 mmol/L
FPG 6.1-6.9 mmol/L

2hPG <7.8 mmol/L
2hPG 7.8-11.0 mmol/L

FPG <5.6 mmol/L and HbA;. <5.7%
FPG 5.6-6.9 mmol/L or HbA;. 5.7-6.4%

HbA,. <5.7%

HbA, 5.7-6.4%
HbA, 5.7-5.9%
HbA1 6.0-6.4%

FPG <5.6 mmol/L

FPG 5.6-6.9 mmol/L
FPG 5.6-6.0 mmol/L
FPG 6.1-6.9 mmol/L

2hPG <7.8 mmol/L
2hPG 7.8-11.0 mmol/L

22.7 (19.2; 26.9)

14.9 (13.9; 15.9)
29.5 (23.4; 37.3)

15.3 (14.2; 16.4)
19.4 (15.6; 24.2)

13.4 (12.4; 14.6)
19.3 (16.3; 23.0)

13.8 (12.7; 15.1)
18.9 (17.1; 21.0)

13.7 (12.7; 14.8)
26.0 (22.6; 29.8)
24.6 (20.8; 29.0)
29.5 (23.4; 37.3)

15.2 (14.1; 16.5)
16.5 (14.5; 18.7)
15.4 (13.2; 17.9)
19.4 (15.6; 24.2)

13.4 (12.4; 14.6)
19.3 (16.3; 23.0)

1.54 (1.28; 1.85)

ref.
1.99 (1.55; 2.53)

ref.
1.27 (1.01; 1.60)

ref.
1.44 (1.19; 1.75)

ref.
1.37 (1.20; 1.57)

ref.
1.89 (1.62; 2.22)
1.79 (1.50; 2.15)
2.15 (1.68; 2.76)

ref.
1.08 (0.93; 1.25)
1.01 (0.85; 1.20)
1.27 (1.01; 1.61)

ref.
1.44 (1.19; 1.75)

1.51 (1.25; 1.81)

ref.
1.52 (1.19; 1.95)

ref.
1.17 (0.93; 1.48)

ref.
1.14 (0.94; 1.39)

ref.
1.34 (1.17; 1.54)

ref.
1.49 (1.27; 1.75)
1.43 (1.19; 1.72)
1.62 (1.26; 2.08)

ref.
1.00 (0.86; 1.16)
0.94 (0.79; 1.12)
1.16 (0.91; 1.46)

ref.
1.14 (0.94; 1.39)

1.17 (0.97; 1.41)

ref.
1.13 (0.88; 1.46)

ref.
1.00 (0.79; 1.26)

ref.
1.00 (0.82; 1.22)

ref.
1.12 (0.97; 1.28)

ref.
1.17 (1.00; 1.38)
1.18 (0.98; 1.42)
1.13 (0.87; 1.46)

ref.
0.93 (0.80; 1.08)
0.91 (0.76; 1.08)
0.98 (0.77; 1.24)

ref.
1.00 (0.82; 1.22)

ref., reference; RR, crude rate ratio; RR,gj;, rate ratio adjusted for age, sex, and ethnicity; RR,qj,, rate ratio adjusted for age, sex, ethnicity, previous CVD,
smoking, total cholesterol, HDL cholesterol, systolic blood pressure, and antihypertensive treatment.

associated with hyperglycemia. This
challenges the use of the prediabetes
classification as a stand-alone tool for risk
stratification among older adults.

Only a few previous studies have com-
pared different definitions of prediabetes
in relation to CVD and mortality in the
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same population (15,22). Warren et al.
(15) found in the prospective Atheroscle-
rosis Risk in Communities (ARIC) study
that HbA;. was more specific and pro-
vided better risk discriminating regarding
future major events compared with FPG
or 2hPG concentrations. After adjustment
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for cardiovascular risk factors, the risk of
all-cause mortality was reduced but still
significantly elevated in those with HbA, -
defined prediabetes. However, incidence
rates for cardiovascular mortality be-
came nonsignificantly elevated for all pre-
diabetes subgroups after adjustment for
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Figure 1—Kaplan-Meier survival curves for an event (CVD or mortality) for individuals with prediabetes (light blue and dark blue) versus normal glycemia
(gray), using FPG, n = 5,427 (A); HbA,, n = 5,427 (B); or 2hPG, n = 4,730 (C).
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Figure 2—Association between glycemia in the prediabetes range and 10-year risk of an event (CVD

or mortality).

cardiovascular risk factors (15), which isin
accordance with the findings from our
analysis and underscores the importance
of focusing on nonglycemic risk factors in
individuals with prediabetes. In contrast
to the ARIC study, we also reported abso-
lute 10-year risk estimates over the pre-
diabetes range of all the three glycemic
measures, and these showed a higher ab-
solute risk for HbA,. than for FPG and
2hPG concentrations. We found no inflec-
tion point of risk in the association, which
is in line with the findings from the pop-
ulation-based Australian Diabetes, Obe-
sity and Lifestyle (AusDiab) study (13).
We further evaluated the risk associated
with different combinations of HbA;. and
FPG levels, which enabled us to show that
prediabetes HbA,. levels are associated
with elevated risk of CVD and death
even when FPG levels are normal, while
the opposite is not the case (i.e., predia-
betes FPG and normal HbA,. levels). In
support of this finding, data from the
ADDITION study (Anglo-Danish-Dutch
Study of Intensive Treatment in People
with Screen Detected Diabetes in Pri-
mary Care) showed that among individu-
als with normal glucose tolerance on an
OGTT, those with HbA;. levels in the
range 6.0-6.4% had 21% higher risk of
all-cause mortality than those with HbA,.
levels <6.0% (23), again suggesting that
HbA . predicts mortality beyond fasting
and 2-h glucose levels. In relation to the
use of FPG for diagnosis of prediabe-
tes, results from meta-analyses have
shown that prediabetes defined by the
WHO IFG criterion, but not the ADA IFG

criterion, is associated with increased
risk of cardiovascular and all-cause mor-
tality (24). Similar results were found in
relation to the risk of stroke (25). A recent
meta-analysis, however, concluded that
IFG defined by the ADA criterion is asso-
ciated with an increased risk of all-cause
mortality, cardiovascular mortality, coro-
nary heart disease, and stroke (14).
However, a subgroup analysis revealed
that among individuals aged 55 years or
older, ADA-defined IFG was not associ-
ated with all-cause mortality (14). Com-
bined with our results, these findings
suggest that the increased CVD and mor-
tality risk associated with prediabetes
FPG levels may decrease with age. It is
thus likely that FPG is better for risk strat-
ification in younger adults, whereas
HbA,. is a better and more stable mea-
sure for health status in older adults, but
this hypothesis needs to be tested in
study populations with a wide age range.
Part of the stronger association found be-
tween HbA;. and incident CVD may be
explained by the capacity of HbA;. to re-
flect average glycemia, but HbA;. may
also indirectly capture information about
other important pathophysiological pro-
cesses such as iron metabolism and low-
grade inflammation (26,27). However,
their causal effects need to be examined
in more detail.

A major strength of the Whitehall Il co-
hort is that the measures of FPG, 2hPG,
and HbA; . were obtained simultaneously
and can be linked to validated measures
of morbidity and mortality over a long
follow-up period (20). Deaths attributable
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to causes other than CVD were included
in the analysis to avoid bias from compet-
ing risk. However, two out of three of the
composite events were related to CVD,
and sensitivity analyses with only CVD as
outcome were consistent with our con-
clusions. Another strength of the current
analysis is the application of all the differ-
ent definitions for prediabetes. Most
previous studies have only focused on a
single definition of prediabetes (either
WHO/IEC or ADA) and thereby used dif-
ferent reference groups for defining nor-
moglycemia (13,23,28). Accordingly,
event rates cannot be compared directly
across studies to derive solid evidence
on the association of prediabetes with
morbidity and mortality. This could also
explain why previous meta-analyses on
the relationship of prediabetes with fu-
ture morbidity and mortality have shown
conflicting results (12,13,24,25). In the
Whitehall Il study, some individuals with
prediabetes may develop diabetes during
follow-up and subsequently receive treat-
ment to reduce CVD risk. This could po-
tentially have biased the results in the
sense that the calculated event rates for
WHO/IEC-defined prediabetes are under-
estimated relative to the rates in ADA-
defined prediabetes, which have lower
levels of glycemia and therefore are less
likely to convert to diabetes during follow-
up. It is also possible that the way dia-
betes has been diagnosed by general
practitioners between the study visits
during follow-up may have introduced
bias. Before 2012, diabetes was mostly
diagnosed by measurement of FPG levels,
but after 2012 there has been a shift from
FPG to HbA; for diagnosis of diabetes in
clinical practice in the U.K. (9). However,
given that end of follow-up in our study
was 30 June 2015, we expect these
effects to even out. Therefore, it is rea-
sonable to believe that the differential
associations of FPG versus HbA;. with
CVD and mortality are not caused by di-
agnosis and treatment of diabetes and
CVD risk in individuals identified by one
specific diagnostic criterion over another
during follow-up.

During the last decades there has been
an increased focus on identifying high-risk
individuals in order to prevent future dis-
ease and premature mortality. As a result,
the diagnostic thresholds have been low-
ered for many diseases (29), which has
increased sensitivity at the cost of speci-
ficity. With the adoption of HbA;. as a
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diagnostic criterion for diabetes (9,30),
the possibility of also using HbA to risk
stratify individuals for diabetes preven-
tion is obvious, but the challenge is to
choose the optimal cut point. As shown
in this and other studies (13,28), there
does not seem to be an inflection point
in the nondiabetes range for HbA,. in the
association with CVD or mortality. Ac-
cordingly, when deciding on the diagnos-
tic test and thresholds used to guide
preventive interventions one needs to
consider the effectiveness of interven-
tions as well as the health and economic
consequences of false positives and false
negatives (5,31). The major diabetes pre-
vention trials performed thus far have in-
cluded individuals with IGT and not
people identified as having high risk by
FPG or HbA; (32—34). Despite the limited
evidence for prevention in these groups
of individuals, the current recommenda-
tions from ADA suggest that all individuals
with prediabetes (IFG, IGT, or HbA,. 5.7—
6.4%) should be targeted for diabetes
preventive efforts (lifestyle modification
or metformin) (35). Because of the poor
concordance between the different diag-
nostic criteria, it is questionable whether
results from trials in IGT will apply to in-
dividuals identified by slightly elevated
FPG or HbA,. levels. Thus, intervention
studies among individuals identified by
FPG or HbA;. aiming at reducing risk for
diabetes and CVD are warranted in order
to improve and modify the current rec-
ommendations (36). More recent research
also suggests that intermediate time
points or different glucose curve patterns
during an OGTT may be relevant to use
for risk stratification purposes (37,38). In
addition, it will be important to evaluate
prediabetes in the context of overall CVD
risk because of the close relationship of
glycemia with other cardiovascular risk
factors. Thus, future risk prediction mod-
els should study whether easily measured
risk factors and/or cheap biomarkers can
jointly predict future diabetes, CVD, and
mortality.

In conclusion, our study showed that
individuals with prediabetes defined us-
ing the ADA criteria have a lower risk of
CVD and all-cause mortality than individ-
uals with prediabetes identified by the
WHOY/IEC criteria. This difference was
mainly driven by the lower incidence of
CVD or death among individuals with IFG
but normal levels of HbA,.. Our results
showed a high incidence rate of CVD

and death in those with HbA;. levels
5.7-5.9%, which advocates for lowering
the cut point for prediabetes to <6.0%
for CVD preventive interventions. That
said, our study also shows that a substan-
tial part of the excess risk in prediabetes is
explained by other CVD risk factors, sug-
gesting that the use of prediabetes as an
independent factor for risk stratification
is questionable.
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